Light and starvation are two principal environmental stimuli inducing conidiation in the soil micromycete Trichoderma spp. We observed that volatiles produced by conidiating colonies of Trichoderma spp. elicited conidiation in colonies that had not been induced previously by exposure to light. The inducing effect of volatiles was both intra-and interspecific. Chemical profiles of the volatile organic compounds (VOCs) produced by the nonconidiated colonies grown in the dark and by the conidiating colonies were compared using solid-phase microextraction of headspace samples followed by tandem GC-MS. The conidiation was accompanied by increased production of eight-carbon compounds 1-octen-3-ol and its analogs 3-octanol and 3-octanone. When vapors of these compounds were applied individually to dark-grown colonies, they elicited their conidiation already at submicromolar concentrations. It is concluded that the eight-carbon VOCs act as signaling molecules regulating development and mediating intercolony communication in Trichoderma.
Introduction
The formation of conidia in soil micromycetes of the genus Trichoderma, but also in many other fungal genera, can be induced by different kinds of environmental factors, such as illumination with white or blue light and/or nutrient deprivation (for reviews see Tan, 1978; Horwitz et al., 1984; Betina & Farkaš, 1998) . Thus far, very little has been known about the chemical elicitors of conidiation and the mechanisms by which they influence the processes of conidiation in fungi.
In many fungi, the transition from vegetative growth to conidiation is marked by increased production of secondary metabolites (reviewed by Calvo et al., 2002) . Among a special category of secondary metabolites are volatile organic compounds (VOCs). Their spectrum is characteristic for each species (Larsen & Frisvad, 1995) and the relative proportions of the individual components change with nutritional conditions and culture age (Bruce et al., 1996 (Bruce et al., , 2000 Wheatley et al., 1997) or during antagonistic interaction with other fungi (Hynes et al., 2007) . Many of these volatiles are physiologically active or play an important signaling role in microbial kingdom. For example, ammonia has been identified as the substance mediating intercolony signaling in yeast (Palková et al., 1997) . 6-Pentyl-a-pyrone (6-PAP), a well-described volatile product of secondary metabolism in Trichoderma, has antifungal properties (Claydon et al., 1987; Scarselletti & Faul, 1994) . Similarly, eightcarbon volatiles 1-octen-3-ol, 3-octanone, 3-octanol and 1-octen-3-one, which are typical mushroom-flavor components (Combet et al., 2006) , may function as insect attractants and exhibit fungistatic and fungicidal effects (Wheatley et al., 1997; Okull et al., 2003; Chitarra et al., 2004 Chitarra et al., , 2005 . Fungal VOCs were also reported to induce sexual mating in species of Phytophthora (Brasier et al., 1993) or to activate sporophore formation in Agaricus bisporus (Hayes et al., 1969) .
This study was prompted by circumstantial observations that dark-grown colonies of Trichoderma were induced to conidiate when kept in the vicinity of conidiating colonies. Our aim was to investigate the composition of VOCs associated with conidiation in Trichoderma and to identify components that act as elicitors of conidiation. We found that eight-carbon compounds produced by conidiating colonies, i.e. 1-octen-3-ol, 3-octanol and 3-octanone, in minute concentrations were capable of eliciting conidiation in uninduced colonies that were constantly kept in the dark.
Materials and methods

Fungal strains, chemicals and growth conditions
Trichoderma atroviride (formerly Trichoderma viride) CCM F-536 was from the Czech Collection of Microorganisms (Masaryk University, Brno, Czech Republic), and Trichoderma spp. I2, identified by molecular genotyping as T. atroviride, was an isolate from the soil of southern Slovakia (Jakubíková et al., 2006 
Effect of VOCs from conidiating cultures on noninduced mycelia
The strain or colony used to induce conidiation in a noninduced colony by its volatiles is here termed 'inducer' whereas the latter is called 'responder'. One set of Petri dishes with CDA medium were inoculated in the middle with 3 mL of spore suspension containing 10 7 conidia mL À1 of the respective inducer strain. The dishes were protected from light by wrapping in aluminum foil and incubated for 72 h at 26 1C. After this time, the colonies had grown to a diameter of 4-5 cm. The dishes were then exposed to daylight for 10 min and placed open into a 5.5-L closed vessel (desiccator), together with open dishes freshly inoculated with spore suspensions of the respective responder strain. The desiccators were then closed and the incubation continued in the dark at 26 1C. Control dishes inoculated with conidia of the corresponding responder strain were kept separately in the dark for the whole duration of the experiment. After 6 days of incubation, conidiation in the responder colonies and their controls was evaluated. Mycelia were rinsed with 10 mL washing solution containing 0.8 M NaCl and 0.025% Tween 80 and the suspensions were mildly sonicated to separate the spores. Spore counts in the washes were determined in a hemacytometer. Each conditional variant was investigated in triplicate and the results were averaged.
Sampling and analysis of VOCs
Cultures for gas analysis were grown in 500-mL serum bottles containing 70 mL of CDA medium with c. 3 % (w/v) sucrose. The agars were inoculated in the center with 3 mL of spore suspension containing 10 7 conidia mL À1 and closed with cotton plugs. One set of bottles, serving as uninduced controls, were protected from light by wrapping in aluminum foil and both sets were incubated in the dark at 22-25 1C for 3 days. Thereafter, the unprotected bottles were exposed to daylight and allowed to conidiate under the natural day/night regime for 3 days. Approximately 24 h before analysis, the bottles were sealed by replacing the cotton plugs by airtight silicone septa. Sealing allowed the accumulation of produced VOCs in the space above the cultures (headspace) and prevented their diffusion from the bottles. After c. 24 h, the accumulated VOCs were sampled by solid-phase microextraction (SPME) (Keszler et al., 2000; Menotta et al., 2004) by inserting a Carboxen fiber (80 mm, Supelco) through the silicone cap into the headspace. The optimum sorption time was found to be 30 min. The fiber was then placed into the injection port of an Agilent 6890 gas chromatograph and desorption was carried out at 250 1C. Separation of volatiles was carried out on a Carbowax capillary column (60 m Â 0.32 mm Â 1 mm) according to the following temperature program: splitless injection for 3 min at 40 1C, then ramping to a final temperature of 270 1C. MS measurements were carried out by 70-eV electron impact ionization on a double focusing instrument (Autospec Ultima; Micromass, UK). Identification of VOCs was accomplished by interpretation of the acquired mass spectra by using appropriate databases.
Effect of defined volatiles on conidiation
Conidial suspensions (3 mL) containing about 10 7 conidia mL À1 were inoculated into the centers of 250-mL Erlenmeyer flasks containing 50 mL of CDA and closed with cotton wool plugs. After 3 days of incubation in the dark at 26 1C, 200 mL solutions of authentic analytical grade 3-octanone, 3-octanol, 1-octen-3-ol, 2-methyl-1-propanol and/or toluene dissolved in water (toluene in ethanol) were injected deep into the cotton plugs and the tops were sealed with a double layer of parafilm. Effective concentrations of the tested volatile compounds were calculated in relation to total flask volume. In controls, water and/or ethanol were applied. Illuminated cultures served as positive controls. All operations were carried out under red safelight. Flasks were incubated for a further 48-56 h in darkness at 26 1C. Thereafter, conidiation was evaluated as described above.
Reproducibility of the results
The effect of endogenous volatiles and of individual defined volatile compounds on conidiation was examined in numerous independent experiments, always using triplicates of responder cultures. Conidiation was determined as means from triplicates AE SEM. It is important to note that the cultures must be protected from any kind of stress caused, for example by inadvertent illumination, temperature oscillations or ventilation due to premature opening of the desiccator. In particular, our interspecies experiments were difficult owing to differences in growth rates and sporulation rates of individual strains and therefore conditions for maximal induction had to be found for each combination of strains. In an ideal case, the time of conidiation of the inducer colony should coincide with the time of conidiationcompetence (or maturity) of the responder colony. Premature conidiation of the inducer colony may have undesired effects by causing inhibition of growth of the responder colony by the VOCs produced. MS analysis of VOCs accumulated in headspaces of conidiating and nonconidiating colonies was performed twice with essentially the same outcome; the results from one experiment are presented.
Results
Effect of volatiles from conidiating colonies on noninduced colonies
When conidiating colonies of Trichoderma spp. were kept in the vicinity of dark-grown colonies (responder colonies) in a closed space, conidiation also took place in the latter. Although the conidiation induced by the produced volatiles was never as massive as that induced by light, it was clearly observable and about two to eight times more intense than in the unexposed controls (Fig. 1a-c) . The inducing effect of volatiles also occurred to a variable extent between colonies of different species of Trichoderma (Table 1) .
Analysis of volatiles produced by conidiating cultures
SPME-GC-MS analyses of volatiles produced by conidiated and nonconidiated colonies have identified at least 33 components accumulating in the headspaces ( Table 2 ). The concentrations of several compounds, notably of 3-octanol, 3-octanone, 1-octen-3-ol and toluene, were markedly increased in the headspaces of conidiating colonies as compared with dark-grown controls, indicating that their production was stimulated during the conidiation period.
Effect of individual authentic VOCs on conidiation
The compounds whose relative levels were significantly increased in VOCs produced by the conidiating colonies (3-octanol, 3-octanone, 1-octen-3-ol and toluene) were tested individually as inducers of conidiation. As controls, the apparently neutral 2-methyl-1-butanol and/or ethanol were used. All three eight-carbon compounds tested elicited conidiation in dark-grown colonies to different degrees ( Fig.  2a-c) . Stimulation of conidiation was concentration-dependent, exhibited a maximum and ranged from 50% to 1500% of the dark control. At its maximum, the average number of conidia per dish (9 Â 10 8 ) elicited by 3-octanone represented c. 60% of those from the illuminated controls (1.5 Â 10 9 ). Toluene or acetonitrile at concentrations of 0.1-100 mM exhibited small but variable effects whereas 2-methyl-1-butanol had no effect on conidiation (see also supplementary Fig. S1 ).
Discussion
Fungal volatiles have largely been investigated as fungal aroma components, indicators of food/feed spoilage, insect attractants, growth inhibitors and taxonomic markers (Schnurer et al., 1999; Combet et al., 2006; Dubey et al., 2007) . Perhaps the most interesting biological activity of VOCs produced by fungi is their ability to influence the development of their own producer as well as the development of other fungi. Being volatile, VOC molecules can diffuse to a distance from the producing colony and act as pheromones mediating intercolony communication. Among the characteristic components of fungal odor are the eight-carbon products of linoleic acid degradation, 1-octen-3-ol, 3-octanol and 3-octanone (Combet et al., 2006) . Of these, 1-octen-3-ol was described as the self-inhibitor of germination and inducer of microconidiation in Penicillium paneum (Chitarra et al., 2004 (Chitarra et al., , 2005 . 1-Octen-3-ol also acts as an attractant to insects (Fäldt et al., 1999; Van den Broek & den Otter, 1999) , thus helping to disseminate the fungal spores. Furthermore, exposure of germinating conidia of P. paneum to 1-octen-3-ol caused pronounced changes in the pattern of the proteins produced (Chitarra et al., 2005) .
Increased production of eight-carbon volatiles 1-octen-3-ol, 3-octanol and 3-octanone by conidiating colonies of Trichoderma suggests that their formation is linked to the conidiation process. Each of these compounds tested individually was capable of inducing conidiation in colonies that were kept in the dark. The extent of induction depended on the concentration of the inducer; each compound exhibited a different concentration maximum for its stimulatory effect. The stimulatory effect of the individual compounds could be observed even at 0.1 mM concentration, the strongest being with 1-octen-3-ol. At 1 mM concentration the effect on conidiation was roughly the same with all three compounds and represented 400-600% of the dark control. At higher concentrations the compounds differed in effectiveness with 3-octanone inducing the highest levels of conidiation observed in this study at a concentration of 500 mM (Fig. 2c) . The intensity of stimulation was concentration dependent up to a certain point; at higher concentrations all three compounds suppressed not only conidiation but also growth. This finding is consistent with the observation of Chitarra et al. (2004 Chitarra et al. ( , 2005 ) that 1-octen-3-ol acts as an inhibitor of conidia germination in Penicillium. The VOCs produced by conidiating colonies exhibited a cross-specific action by being able to act both intra-as well as interspecifically (Table 1 ). The interspecific stimulation of conidiation ranged from two-to eightfold, depending on species combination. The question remains: do the observed stimulatory threshold concentrations for the individual compounds correspond to their concentrations in natural mixtures? Using the techniques used here, we were unable to determine their absolute concentrations in the mixture of VOCs produced by conidiating colonies. It is possible that their effective concentrations under natural circumstances are much lower than those determined by our experiments and that they may exhibit a synergistic effect.
One can speculate about the physiological significance of the stimulatory effect of volatiles on conidiation; they may act as mediators of intercolony communication, perhaps as a warning signal indicating the worsening of living conditions for the fungus. The mechanism by which the VOCs exert their effect upon fungal development remains largely unknown. It can be assumed that their primary interaction with fungal cells takes place at the level of the cytoplasmic membrane. Changes in membrane potential and permeability are among the initial consequences of such an interaction (Chitarra et al., 2005) . In this connection, it is interesting to mention our earlier observation (Grešík et al., 1988) that transient changes in membrane potential accompany the induction of conidiation by illumination of dark-grown mycelia of Trichoderma. Nevertheless, it appears that the changes in membrane potential and membrane permeability by themselves are not sufficient to elicit conidiation as organic solvents that interact with the membrane, such as toluene, 2-methyl-1-butanol and/or acetonitrile, were not able to elicit conidiation. Rather, the demonstrated specificity of response to eight-carbon volatiles as shown here suggests the existence of specific receptors on the plasma membrane. In such a case, the transduction of the signal from the plasma membrane to the nucleus would probably take place with involvement of mitogen-activated protein kinase and/or protein G-transduction pathways (Calvo et al., 2002) . Clarification of this question will be the subject of further study. 
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